Flexible organic solar cells (FOSCs) are of considerable interest as next-generation energy-harvesting devices, due to their simple structure, low fabrication cost, lightweight, robust profile, flexibility, and ultimate engineering design freedom. [1] [2] [3] To fabricate high performance FOSCs, preparation of high quality flexible anodes with a low resistivity, high transmittance, high work function, and stability against substrate bending is essential because the performance and reliability of FOSCs critically depend on the quality of transparent anodes. Although Sn-doped In 2 O 3 (ITO) films deposited on a flexible substrate have been employed as a transparent anode for FOSCs in academic and industrial research, the ITO anode showed poor mechanical flexibility due to easy crack formation and propagation. 4 Because sputtered ITO films are easily transformed from amorphous to crystalline (a/c transformation) even below the substrate temperature of 150 C, internal stress as a result of the a/c transformation leads to the severe cracking of ITO films. 5 For these reasons, complete amorphous transparent conducting oxides such as InZnO (IZO) and InZnSnO (IZTO) films attracted great attention as substitutes for conventional ITO anodes. [6] [7] [8] [9] [10] Due to immiscibility of ZnO and In 2 O 3 , the IZO or IZTO films grown on flexible substrates showed a stable amorphous structure at temperature below 500 C. In our previous work, we demonstrated the possibility of amorphous IZO and IZTO films as a flexible anode for FOSCs. 9, 10 However, except ZnO dopant based-In 2 O 3 , there have been no reports on completely amorphous transparent anode materials with low resistance, high transparency, and superior flexibility. Although Maruyama and Tago reported that Si doping in an In 2 O 3 (ISO) film yielded higher mobility than Sn doping in the In 2 O 3 film, detailed investigation on Si doping-induced amorphous structure and electrical and optical properties of amorphous ISO films is still lacking.
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In this letter, we investigated the electrical, optical, and structural properties of amorphous ISO films grown on a colorless polyimide (CPI) substrate as a promising amorphous transparent electrode for FOSCs. The doping of Si into the In 2 O 3 film above a critical RF doping power led to a completely amorphous structure as well as low sheet resistance and high transparency. In addition, based on the inner and outer bending tests, we demonstrated the superior flexibility of amorphous ISO films for FOSC applications. Furthermore, similar performance was observed for the FOSC fabricated on the amorphous ISO anode and the FOSC with a crystalline ITO anode. This indicates that the amorphous ISO anode is a promising transparent and flexible anode to replace conventional crystalline ITO anodes.
A 200 nm-thick ISO film was deposited onto a flexible CPI (Kolon industry, Ltd) substrate at room temperature using a RF/DC co-sputtering system with tilted cathode guns. The ISO films were grown as a function of SiO 2 RF power on a flexible CPI substrate at a constant DC power of 100 W applied to the In 2 O 3 target, an Ar flow rate of 10 sccm, and a working pressure of 3 mTorr. The electrical and optical properties of the ISO films were analyzed by means of Hall measurements (HL5500PC, Accent optical technology) and UV/visible spectrometry (UV 540, Unicam) as a function of the SiO 2 RF doping power. In addition, the resistivity change in the optimized ISO film was measured using a physical property measurement system (Quantum Design) in the temperature range of 5 K to 300 K. The structure of the ISO film was examined by synchrotron X-ray scattering (XRS) at the GI-WAXS beam line of a Pohang Light Source (PLS). The wavelength of the incident X-rays was set to 1.243 Å by a double bounce Si (111) monochromator. To understand the electronic structure near the conduction band of the amorphous ISO film, X-ray absorption spectroscopy (XAS) experiments were performed using total electron yield (TEY) mode at soft x-ray beamline, BL-7A of Photon Factory, Institute of Material Science, High Energy Accelerator Organization (KEK-PF) in Japan. In addition, the microstructure and interface of the ISO film and FOSC were analyzed by high resolution transmission microscopy (HRTEM: JEM-2100F) and fast Fourier transform (FFT).
To compare the performances of the FOSCs fabricated on the optimized ISO/CPI, ISO/glass, and reference ITO/ glass, we fabricated conventional P3HT:PCBM-based bulkheterojunction organic solar cells. After cleaning the samples, poly (3,4-ethylenedioxythiophene):poly (styrenesulfonate) (PEDOT:PSS, Clevios PH510) was spin-coated onto the ISO and ITO anodes and subsequently annealed at 120 C for 10 min in air. Then, a blend solution of 25 mg of P3HT (Rieke Metals) and 25 mg of PCBM (Nano-C) in 1 ml of 1,2-dichlorobenzene was spin-coated onto the PEDOT:PSS layers under a nitrogen atmosphere. Then, a solvent annealing treatment was performed for 120 min and each sample was subsequently annealed at 110 C for 10 min. Finally, a Ca/Al (20 nm/100 nm) cathode with an area of 4.66 mm 2 was deposited onto the photoactive layer using thermal evaporation. All coating processes on the ISO and ITO electrodes were carried out simultaneously in the same glove box and chamber. The photocurrent densityvoltage (J-V) curves of the FOSCs were measured using a Keithley 1200 measurement unit under 100 mW/cm 2 illumination with AM 1.5 G conditions. 11, 12 However, a further increase in the SiO 2 RF power abruptly increased the resistivity of the ISO film because the highly doped Si atoms act as a main impurity scattering center. At 50 W of SiO 2 RF power, the ISO films exhibited the lowest sheet resistance of 51.91 X/sq and a resistivity of 1.038 Â 10 À3 X cm, even though it was sputtered at room temperature (comparable to conventional amorphous IZO and IZTO films). 9, 10 The decreased resistivity with increasing SiO 2 RF power below 50 W can be attributed to the linearly increased carrier concentration, as shown in Fig. 1(b) . However, a further increase of SiO 2 RF power above 60 W led to an abrupt decrease in mobility from 21 to 11.2 cm 2 /V s, which is the main reason for the increased resistivity of the ISO doped at 60 W RF power. Figure 1(c) shows the dependence of the resistivity of the ISO film doped with 50 W SiO 2 RF power (optimized sample) as a function of temperature from 5 K to 300 K. The ISO film showed a positive dependence on temperature (dq/dT > 0), indicating that the ISO film possessed typical metallic characteristics due to degenerated semiconductor properties in the ISO film. Based on the Bloch-Gr€ uneisen model, we can expect that electron-phonon scattering is the main process leading to the positive dependence of the resistivity of the ISO film on temperature. 13 Figure 1 amorphous structure of the ISO film. In general, the ITO films grown at room temperature showed a microcrystalline embedded amorphous structure due to unintentional surface heating by plasma irradiation. However, the ISO films grown on a CPI substrate showed a completely amorphous structure, unlike conventional thick ITO films, because the introduction of Si dopant prevents the a/c transition of In 2 O 3 . The electronic structure near the conduction band of amorphous ISO films was analyzed by XAS measurements, as shown in Fig. 2(c) . Normalizations of the XAS spectra were carefully performed by subtracting an X-ray beam background from the raw data and subsequently scaling the difference between pre-and postedge levels to an arbitrary, but uniform value. Through the normalizations of XAS spectra, the qualitative changes and comparison of conduction band features could be analyzed. 14 The normalized oxygen K1 edge spectra of In 2 O 3 are directly related to the oxygen p-projected states of the conduction band, which consists of unoccupied hybridization orbitals for In 5sp þ O 2 p. 15 The Si doping causes a modification of the conduction band by incorporating amorphous SiO 2 near $535 eV, attributed to oxygen 2p states hybridized with Si 3s and 3p states. 15 The mixture of electronic structure between In 2 O 3 and SiO 2 reduces the molecular orbital splitting of In 5p þ O 2p from 535 eV to 540 eV, which indicates an amorphous electronic structure and a decrease in the poly-directionality of p molecular orbitals. 16 In addition, effective Si doping decreases the band edge states below the conduction band, as shown in the inset of Fig.2(c) , which can hinder charge transport. These changes in conduction band and band edge states by Si doping into In 2 O 3 can enhance the amorphization of electronic structure and the conduction of charge transport. Figure 3 shows the dynamic outer and inner bending test results of the optimized ISO/CPI sample with increasing bending cycles at a fixed inner bending radius of 10 mm. The bending radius of 10 mm is an acceptable value for flexible anodes used in FOSCs. The upper panel shows outer and inner bending steps by a lab-made bending test machine. Change in resistance of the flexible ISO can be expressed as DR ¼ (R À R 0 )/R 0 , where R 0 is the initially measured resistance and R is the value measured after substrate bending. Both dynamic outer bending fatigue tests showed no change in resistance (DR) after 1000 cycles due to the superior flexibility of the amorphous ISO films. Regardless of outer and inner bending modes, the ISO film showed a constant DR value, indicating that there is no change of resistance when it bent inner or outer due to the stable amorphous structure. cross-sectional HRTEM image clearly shows a well-defined ISO anode, PEDOT, P3HT:PCBM active layer, and Al:Ca cathode layer with no interfacial reactions. The sharp interface between the ISO and organic layers suggests that the ISO anode is chemically stable against the acid PEDOT:PSS solution. The letters in Fig. 4(b) indicate the HRTEM images that were obtained from the same lettered region in the cross-sectional image in Fig. 4(a) . The enlarged interface between the CPI and ISO film (region A) is very clean and smooth due to room temperature co-sputtering of the ISO film. Specifically, the enlarged interface between ISO and PEDOT:PSS (region B) showed the stability of the ISO anode against the acidic nature of PEDOT:PSS Hole Injection Layer (HIL) layer.
To investigate the feasibility of the amorphous ISO anode as a flexible transparent anode for FOSCs, we examined the performance of the FOSCs composed of the P3HT:PCBM bulk heterojunction. In summary, we report on transparent amorphous ISO films prepared by co-sputtering for FOSCs. The effective Si doping into the In 2 O 3 matrix led to a completely amorphous structure as well as a low sheet resistance of 51.91 X/sq and a high near infrared optical transmittance of 81.51%. In addition, the ISO film showed outstanding flexibility due to its stable amorphous structure. Based on synchrotron XRS, HRTEM, and XAS examinations, the amorphous structure and electronic structure of the ISO films were investigated. Furthermore, FOSCs with amorphous ISO anodes showed good open circuit voltage (0.578 V), short circuit current (7.641 mA/cm 2 ), fill factor (62.96%), and power conversion efficiency (2.780%) even though the ISO anode was prepared at room temperature. This result indicates that the ISO film is a promising transparent amorphous anode material apt for FOSCs. 
